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Quantification of the Dominant Drivers of Acidification in the
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!Center for Ocean Observing Leadership, Department of Marine and Coastal Sciences, School of Environmental and
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Abstract In shallow coastal shelves like the Mid-Atlantic Bight (MAB), ocean acidification due to
increased atmospheric carbon dioxide (CO,) is compounded by highly variable coastal processes including
riverine freshwater inputs, nutrient loading, biogeochemical influence, coastal currents and water mass
mixing, and seasonal transitions in physical parameters. Past deconstructions of carbonate system drivers

in the MAB have focused on nearshore zones or single season data, and thus lack the spatial and temporal
resolution required to assess impacts to important species occupying the shelf. Deconstructing highly resolved
data collected during four seasonal Slocum glider deployments in the MAB, this study uses a Taylor Series
decomposition to quantify the influence of temperature, salinity, biogeochemical activity, and water mass
mixing on pH and aragonite saturation state from sea surface to bottom. Results show that water mass mixing
and biogeochemical activity were the most significant drivers of the carbonate system in the MAB. Nearshore
water was more acidic year-round due to riverine freshwater input, but photosynthesis reduced acidity at
certain depths and times. Water mass mixing increased acidity in bottom water on the shelf, particularly in
summer. Gulf Stream intrusions at the shelf break during fall acted to mitigate acidification on the shelf in
habitats occupied by carbonate-bearing organisms. The relationships quantified here can be used to improve
biogeochemical forecast models and determine habitat suitability for commercially important fin and shellfish
species residing in the MAB.

Plain Language Summary The coastal ocean is experiencing changes in chemistry due to human
activities, including carbon dioxide emissions, nutrient runoff, and seasonal changes in temperature, salinity,
and coastal currents. These drivers have been studied close to shore and/or only during single seasons, leaving a
gap in our understanding of seasonal changes across the entire economically important shelf region. Here, we
use high-resolution data collected by a deep-sea robot that measures chemistry from ocean surface to the sea
floor. We determined the importance of four key influences (temperature, salinity, water mass mixing, and
biological activity) on changes in coastal chemistry over the course of a year. We found that the most important
driver of shelf chemistry was mixing of freshwater at the coast and warm, salty water at the edge of the shelf.
Biological activity was a secondary influence, which caused smaller scale changes in chemistry. These results
can help to predict how coastal chemistry might change in the future, so that we can prepare for the effects on
economically important animals and industries.

1. Introduction

Ocean acidification, caused by increasing levels of anthropogenic CO, in the atmosphere, is a complex chemical
issue that alters the marine carbonate system (Doney et al., 2009; Orr et al., 2005) and threatens calcifying and
non-calcifying organisms (Doney et al., 2009, 2020; Kroeker et al., 2013; Saba, Goldsmith, et al., 2019). Ocean
acidification has caused measured declines in global ocean pH and the saturation state of aragonite, Q,r,g, the
soluble form of calcium carbonate used by many marine calcifying organisms. Global open ocean surface pH has
decreased by 0.05-0.08 over the last 3 decades (Gledhill et al., 2015; IPCC, 2019) and is projected to continue
declining by up to 0.29 pH units over the course of the 21st century (IPCC, 2019; RCP8.5). Global open ocean
Qurae 1s decreasing at unprecedented rates, and variability in Q. is outside the bounds of natural variability,
indicating that anthropogenic activity is driving this change (Sutton et al., 2016).

The focus area in this study is the Mid-Atlantic Bight (MAB), which is located within the U.S. Northeast Shelf
Large Marine Ecosystem. The MAB has been identified as a net CO, sink, meaning it absorbs CO, on an annual
basis and is therefore subject to acidification patterns observed globally (DeGrandpre et al., 2002). In coastal
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shelves like the MAB, ocean acidification is influenced by coastal processes such as riverine freshwater input,
biological growth and decay, upwelling, changes in temperature and water column structure, and interactions
between coastal currents (Cai et al., 2020; Gledhill et al., 2015; Saba, Goldsmith, et al., 2019; Siedlecki, Pilcher,
etal., 2021; Siedlecki, Salisbury, et al., 2021; Wootton et al., 2008). These processes affect acidification on times-
cales from minutes to years (Runcie et al., 2018; Xu et al., 2017, 2020).

Riverine and estuarine waters feeding into the MAB shelf are lower in salinity and total alkalinity (TA) than seawa-
ter, and therefore are more acidic (Kwiatkowski & Orr, 2018). Consequently, surface water where rivers meet the
ocean have lower pH and Q,,, than surface seawater further offshore (Cai et al., 2020; Saba, Wright-Fairbanks,
et al., 2019; Wright-Fairbanks et al., 2020). Rivers also deliver nutrients to the coastal zone, supporting phyto-
plankton blooms that lead to the uptake of CO, and increased pH in the surface ocean, followed by the release
of CO, and decreased pH in bottom waters when biological material sinks and is respired (Cai et al., 2011;
Wright-Fairbanks et al., 2020). Seasonal stratification in the MAB is significant and traps a subsurface water
mass (the Cold Pool) on the shelf in the spring and summer (Houghton et al., 1982; Saba, Wright-Fairbanks,
et al., 2019; Wright-Fairbanks et al., 2020; Z. Chen et al., 2018). Lack of ventilation between the Cold Pool and
atmosphere during seasonal stratification likely traps respired CO, in this subsurface water, contributing to a
decline in pH and Q,,, from spring through summer. Wright-Fairbanks et al. (2020) reported seasonal changes
in the MAB carbonate system, suggesting potential links to seasonal stratification in the spring and summer,
thermodynamic equilibrium, and air-sea gas exchange in near-surface waters, seasonal subsurface phytoplankton
blooms, freshwater riverine inputs and precipitation in the nearshore, and the mixing of Gulf-Stream influenced
slope water with Labrador-current influenced shelf water at the shelf break. However, these relationships were
not quantitatively evaluated.

Drivers of the carbonate system have been investigated at various resolutions in the MAB and nearby Gulf of
Maine, but due to a lack of sufficient data, none have quantified drivers over highly resolved space on a seasonal
scale. On a decadal scale, interactions between the northward-flowing Gulf Stream and southward-flowing
Labrador Current have been shown to influence MAB shelf water properties, including the carbonate system,
as they intersect offshore (Grodsky et al., 2017; Saba et al., 2016; Salisbury & Jonsson, 2018; Wanninkhof
etal., 2015). The Gulf Stream is warm, salty, and characterized by high pH and Q,,¢, while the Labrador Current
is cold, fresher, and has lower pH and Q,,, (Grodsky et al., 2017; Saba et al., 2016; Salisbury & Jonsson, 2018;
Wanninkhof et al., 2015). Additionally, seasonal temperature and salinity cycles in the MAB can influence
regional pH and Q,,, (Cai et al., 2020; Richaud et al., 2016). Monthly sampling programs along shelf and
embayment transects have provided physical, biological, and chemical data in surface, bottom, and mid-depth
water (10-50 m resolution) (Boehme et al., 1998; Rheuban et al., 2019; Z. Wang et al., 2016). These sampling
programs have high temporal resolution, capturing all seasons over multiple years, but lack spatial resolution
across the shelf. Conversely, multiple major cruise campaigns (GOMECC-1, 2, ECOA-1, 2,) have conducted
carbonate chemistry sampling on cross-shelf transects in the MAB from sea surface to the bottom (10-100 m
resolution) (Cai et al., 2020; Xu et al., 2017, 2020), but occur every few years and only in the summer, therefore
lacking critical seasonal resolution.

In this study, we quantified the drivers of pH and €,,, from sea surface to bottom using data from four seasonal
deployments of a Teledyne-Webb Slocum G2 glider. The glider is an autonomous underwater vehicle, equipped
with a recently developed ISFET-based pH sensor. Along with pH, the glider collects high-resolution measure-
ments of salinity, temperature, depth, dissolved oxygen, and optical properties (e.g., chlorophyll a and backscat-
ter), allowing the quantification of carbonate system drivers as they vary seasonally and over space and depth. It
is imperative to understand the interactions between drivers of the coastal marine carbonate system to accurately
predict and mitigate the effects of acidification on coastal ecosystems. High-resolution data are necessary to
detect fine-scale changes in the carbonate system that occur due to biogeochemical and physical influence, espe-
cially in the highly dynamic coastal shelf.

2. Materials and Methods
2.1. Data Set Description

Data were obtained from four seasonal glider missions throughout the New Jersey coastal shelf over the course of 2
years (spring 2018, summer 2019, fall 2019, and winter 2019; Figure 1; data available at: http://slocum-data.marine.
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Figure 1. Map of pH glider deployment tracks in the Mid-Atlantic Bight, 2018-2019. A yellow star marks the winter, summer, and fall shore point (Sandy Hook, NJ),
and a blue star marks the spring shore point (Atlantic City, New Jersey). Black lines indicate the boundaries between the nearshore, midshelf, and shelf break regions.
Produced using Google Earth, with data from SIO, NOAA, U.S. Navy, NGA, and GEBCO, and imaging from Landsat/Copernicus.

rutgers.edu/erddap/search/index.html?page=1%26itemsPerPage=1000%26searchFor=ru30). During each deploy-
ment, the glider was equipped with a deep ISFET-based pH sensor integrated into a pumped CTD port located in the
glider's science bay (Saba, Wright-Fairbanks, et al., 2019). Additional sensors included an Aanderaa oxygen optode
and a Sea-Bird Scientific BB2FL ECO puck used to measure chlorophyll fluorescence, colored dissolved organic
matter, and optical backscatter. Concurrent measurements from the glider sensors provided high temporal (0.5 Hz
sampling) and spatial (<1 m depth, ~270 profiles over 20 km per day) resolution measurements of biological,
physical, and chemical ocean properties over four seasons. Efforts taken to ensure glider sensor data quality were
described by Wright-Fairbanks et al. (2020). pH sensor accuracy and field uncertainty were better than +0.05 pH
units and +0.001 pH units, respectively, for these deployments (Wright-Fairbanks et al., 2020).

Glider-measured variables were used to resolve the marine carbonate system. pH on the total scale was calculated
using glider-measured pH reference voltage, temperature, salinity, and pressure. TA was calculated from meas-
ured salinity based on season-specific linear relationships between TA and salinity in the MAB (Wright-Fairbanks
et al., 2020). TA exhibits near-conservative behavior with respect to salinity in the Atlantic along the east coast
of the United States (Cai et al., 2010; Z. Wang et al., 2013). Discrete samples used to derive TA-salinity relation-
ships spanned depths from O to 200 m along the MAB shelf, which is the space covered by these glider deploy-
ments. Seasonal TA-salinity regressions, with TA in pmol/kg, were:

Winter: TA = (50.80 + 0.47) x Salinity + (539.79 + 15.93) 1)
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Table 1

Spring: TA = (49.94 + 0.45) x Salinity + (572.57 + 15.16)  (2)

Regional and Depth Definitions Used in This Analysis

Winter

Spring Summer Fall

Summer: TA = (53.01 + 0.63) X Salinity + (463.27 +21.19)  (3)

Nearshore
Near-surface ~ Top S m
Subsurface ~ Bottom 5 m
Deep water N/A
Midshelf
Near-surface ~ Top 5 m
Subsurface ~ Bottom 5 m
Deep water N/A
Shelf break
Near-surface ~ Top 5 m
Subsurface ~ Bottom 5 m

Deep water N/A

Below 56 m  Below 45 m N/A

Above 13 m  Above 11 m Above 42 m
13-120 m 11-100 m 42-80 m
Below 120 m  Below 100 m  Below 88 m TA value of 640.77 (summer). Cai et al. (2010) identified a weighted average

Fall: TA = (46.17 + 0.79) X Salinity + (698.00 + 26.47) @)

Above 13m  Above 11 m  Above 42 m
Below 13 m 11-38 m Below 42 m

These seasonal TA-salinity regressions are comparable to previously derived
regressions. Hunt et al. (2021) derived winter, spring, and summer TA-salinity
Lty 22w N equations using surface samples from eight cruises in 2017 and 2018 that

were equipped with an underway TA analyzer. Their equations had lower

Above 13m  Above 11 m  Above 42 m slopes (winter, 40.8; spring, 44.1; and summer, 14.5) and higher endmember
13-45 m 11-45m  Below 42 m TA values (winter, 880; spring, 763; and summer, 1726) than those used

here. Cai et al. (2010) derived a MAB TA-salinity relationship using full
water column samples from GOMECC and OMP cruise campaigns, which
resulted in a slope of 46.6 and endmember TA of 767.6 (spring/summer).
Brodeur et al. (2019) utilized a TA-salinity relationship from ECOA-1 data,
similar to the equations derived here, with a slope of 47.69 and endmember

TA endmember for three Mid-Atlantic Rivers (Susquehanna, Connecticut,

and Hudson) of 697 pmol/kg during spring/summer. Endmember TA values

used in this study are slightly lower than previous studies, likely reflecting
samples taken near the Raritan and Delaware River outflows, which are an important component of the study
area, and potentially highlighting seasonal differences in endmember chemistry.

pH and TA were used as inputs into CO2SYS for MATLAB (v3.0; Lewis & Wallace, 1998; Orr et al., 2018;
van Heuven et al., 2011), along with glider temperature, salinity, and pressure, K1 and K2 constants (Mehrbach
et al., 1973) with refits (Dickson & Millero, 1987), KSO, constant (Dickson, 1990), KHF dissociation constant
(Perez & Fraga, 1987), and borate-to-salinity ratio (Uppstrom, 1974). Variables derived from the CO2SYS
program and used in this study were Q,,,, hydrogen ion concentration ([H*]), and dissolved inorganic carbon
(DIC). It is important to note that CO2SYS accounts for alkalinity in the forms of carbonate, bicarbonate, borate,
[OH"], [H*], P, and Si. Other contributors to alkalinity such as organic species are not accounted for, which may
cause overestimation of buffering capacity for CO, (Sharp & Byrne, 2020; Song et al., 2020). Further investiga-
tion of organic alkalinity contributors in this region would improve estimates of buffering capacity.

2.2. Definition of Spatial and Depth Regions

Each seasonal deployment was divided into three spatial and two or three depth regions. Spatial regions were
determined based on the distance of the glider from a shore point near the deployment location. In winter,
summer, and fall, the shore point was Sandy Hook, New Jersey and in spring, the shore point was Atlantic
City, New Jersey. The nearshore region was defined as 0—40 km from the shore point, midshelf was defined as
40-160 km from shore (40—120 km in spring), and the shelf break was defined as >160 km from shore (>120 km
in spring), which is beyond the continental shelf. Depth regions were defined as near-surface, subsurface, and
deep. The mixed layer was identified as the depth of maximum Brunt-Vaisala frequency squared (N?) (Carvalho
et al., 2017). Near-surface water was considered to be above the mixed-layer depth, while subsurface water
was below the mixed layer. In winter, which exhibited a well-mixed water column, pseudo-surface and -bottom
regions were defined as the top 5 and bottom 5 m of the water column. Defining these regions in winter allowed
consistent analyses of all seasons.

Deep water was identified based on the relationship between depth and sensitivity of carbonate system parame-
ters to changes in driver variables. In a season, all drivers exhibited a change in this relationship at similar depths,
indicating differential driver influence beginning at that depth (Figure S1 in Supporting Information S1). Breaks
in the slope of these relationships are indicative of deep water mass influence and occurred most often in the
deepest water in the midshelf or shelf break in spring, summer, and fall. Additionally, deep water had distinctively
different temperature (colder) and salinity (saltier) than subsurface and near-surface water. Overall, 29 seasonal,
spatial, and depth regions were defined (Table 1).
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2.3. First-Order Taylor Series Decomposition of Q,,., and pH

The mathematical influence of four driver variables (temperature (7), salinity (S), TA, and DIC) on two output
variables (Qu, and pH) was demonstrated using a first-order Taylor Series Decomposition, which has been
used previously for similar data sets (Kwiatkowski & Orr, 2018; Rheuban et al., 2019; Xu et al., 2020; Z. Wang
etal., 2016). The Taylor Series method is applicable to ocean water, where metrics like DIC, pCO,, and carbonate
saturation sensitivity are not affected by low salinity extremes (Cai et al., 2021).

Anomalies in output variables Y (AY') were calculated for each sample compared to a reference value Y,
AY =Y - Y, ®

where
Y.=Y (T,E,ﬂ, JC) 6)
and X represents the mean value of input variables X in the reference condition (Xier).

Here, two analyses are run with different X, definitions. Analysis 1 defines X in one depth region through-
out a deployment's full spatial extent (e.g., mean T A in fall near-surface water). Analysis 2 defines X in one
depth/spatial region throughout all seasonal deployments (e.g., annual mean 7 A in nearshore near-surface water).
Analysis 1 allows for the quantification of spatial variability in carbonate system drivers in each season, while
Analysis 2 quantifies the relative importance of drivers over an annual cycle.

A first-order Taylor Series defines the anomaly of an output variable as the sum of driver variable anomalies
multiplied by the sensitivity of the output variable Y to changes in each driver variable X, plus nonlinear error (¢).

aYy
AY =X—AX
X +e€ @)

AX is computed as X — X;er, Where X is the sample value and X, is calculated using Analysis 1 or Analysis 2,
as described above. Sensitivities are multiplied by A X, then summed (Equations 8 and 9).

opH opH opH opH
ApH = — AT + —AS + —ATA + ADIC + 8
P oT S ITA aDIC ¢ ®)
AQ s + Oy AS + Oz \ 74 + Oy ADIC + O)
we = o 98 IT A aDIC €
The sensitivities of Q. and H* to temperature, salinity, TA, and DIC (ﬂ, ﬂ, i, and L) were derived
oT " 0SS~ JdTA oDIC

explicitly using the derivnum.m subroutine of CO2SYS (v.3.0) (Lewis & Wallace, 1998; Orr et al., 2018;
Sharp et al., 2020; van Heuven et al., 2011). The derivhum.m subroutine calculates partial derivatives of output
carbonate variables to two carbonate inputs (here, TA and DIC), temperature, salinity, nutrients, ammonium,
hydrogen sulfide, dissociation constants, and total boron by introducing a small perturbation in one input varia-
ble and determining the change in each output variable as calculated using CO2SYS. Error propagation through
CO2SYS caused an error in ., 0f ~0.1 and an error in H* of ~0.001. These errors should not affect the relative
magnitude of each driver in the sensitivity analysis. H* sensitivities were used to calculate pH anomalies accord-
ing to the established relationship between the two variables (Equation 10).

pH = —log [H*] (10

Results from this analysis are reported as the numerical influence of each driver variable on each output varia-

ble (i.e., the value of %AX ). For example, the influence of temperature on pH (%AT) is discussed as ApHr
and the influence of salinity on AQq,, (ai“;g AS) is discussed as AQg. These terms allow a comparison of the

relative influence of each driver on each output variable. A negative AYy indicates that X acts to decrease Y rela-
tive to the mean and a positive AYy indicates that X increases Y.
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Marine TA and DIC are altered by biogeochemical processes such as photosynthesis, respiration, CaCO, disso-
lution and precipitation, physical mixing of water masses, and air-sea gas exchange (DIC only). The influence of
air-sea gas exchange in each season was assessed by simulating changes in mixed layer pCO, and DIC assuming
air-sea flux was the only driver of change. Gas exchange in each season was calculated using the methods of
Wanninkhof (1992), where

F =kxsxApCO, (11)
-0.5
k=o.31xuzx6% (12)

where, s is solubility, U is wind speed, and Sc is the Schmidt number, which takes into account seasonal average
sea surface temperature and salinity. ApCO, between the sea surface and atmosphere was calculated using pCO,
as estimated in glider deployments and an estimate of atmospheric pCO, (403 ppm; based on Mauna Loa annual
average ppm). pCO, disequilibrium and seasonal average wind speed from the U.S. Wind Climatology (NCEI)
were used to quantify the changes in surface layer pCO, and DIC caused by gas exchange, and the half-life of
equilibration time. The half-life of equilibration time is determined as the time it takes to reach the halfway point
between air and sea pCO,. Full equilibration time, or the time it takes to reach equilibrium between atmospheric
and sea surface pCO,, is represented by an asymptotic function and is therefore difficult to quantify.

In spring and fall, changes in pCO, and DIC were small (<3 patm and <2 pmol/kg), therefore air-sea gas exchange
was minor. In winter, pCO, and DIC changed significantly but the half-life of equilibration time was 146 days,
indicating that gas exchange was minor at a seasonal time scale. Summer showed significant changes in pCO,
and DIC at a seasonal scale (half-life of equilibration = 46 days, likely due to shallow mixed layer and high wind
speeds), indicating significant air-sea exchange. Therefore, gas exchange is considered in the analysis of summer
surface water but excluded in the remaining seasons and regions.

The sensitivity of output variables to biogeochemical (BGC), mixing (MIX), and gas exchange influence was
calculated based on changes in TA and DIC. Along the western Atlantic coast, TA is dominated by two-endmember
horizontal mixing between riverine inputs and coastal seawater (Cai et al., 2010; Jiang et al., 2014). Non-mixing
factors that might also influence TA include carbonate dissolution, calcification, and denitrification. There
was little evidence of carbonate dissolution or calcification in any season (Figure 2). Denitrification in sedi-
ments has been shown to occur in the MAB, altering TA and therefore air-sea gas exchange (Fennel et al., 2008;
Seitzinger, 1988; Seitzinger & Giblin, 1996). The seasonal glider data sets do not include nutrient measurements,
so it is difficult to identify areas of potential denitrification. However, any changes in TA due to denitrification
would disperse throughout the entire water column, dampening their effects. Additionally, conditions in the water
column were not optimal for denitrification due to sufficient oxygen levels. Thus, changes in TA (ATA) were
attributed solely to water mass mixing.

To separate changes in DIC due to biogeochemistry, air-sea gas exchange, and water mass mixing, DIC was
normalized following the method of Friis et al. (2003),
DICp — DICsai=o

DIC = —————— X Salyer + DICsa=
n Sa]sp] Alref Sal=0 (13)

where Salyp is the sample salinity, Sal,.r is the reference salinity as used in Equation 6, and DICs,j¢ is DIC in the
freshwater endmember. The value of DIC at the freshwater endmember was the y-intercept of the TA-salinity equa-
tion derived for each season, under the assumption that TA ~ DIC at zero salinity (Zeebe & Wolf-Gladrow, 2001).
While a DIC-salinity regression was derived, the endmember values for each season had a greater error than
those of the TA-salinity regression. Normalizing DIC using the TA endmember changed nDIC by a maximum of
0.4% compared to nDIC calculated using the DIC endmember. TA-salinity equations incorporated data from 0 to
200 m, so they were used to calculate nDIC for surface, bottom, and deep water.

Normalization to a reference salinity removes the effect of conservative mixing from DIC, meaning AnDIC
(nDIC — DIC_ref) represents the change in DIC due to biogeochemical factors. The BGC term also includes the
effects of air-sea gas exchange in summer surface water, but it is referred to as BGC for continuity. The sensitiv-

ity of output variables to BGC was determined explicitly as adﬁ using the derivnum.m subroutine of CO2SYS.

WRIGHT-FAIRBANKS AND SABA 6 of 19



A7t |

A\ Journal of Geophysical Research: Oceans 10.1029/2022JC018833
1B Winter i Spring
1
0.5
0
-0.5 ~
-1
o -15 : : -1 : ;
g -100 -50 0 50 100 -60 -40 -20 0 20 40 60 80
G
4 15 Summerl 0.6 Fall
1 Near Surf
* Mid Surf
05 ¢ Break Surf
0 Near Subsurf
-~ ~Mid Subsurf
-0.5+ — -Break Subsurf
Near Deep
-1 Mid Deep
Break Deep

-1.5

AnDIC (umol/kg)

Figure 2. AnDIC versus AQgqc in all four seasons. Black lines represent the theoretical relationship between AnDIC and AQgcc if only photosynthesis/respiration
and/or CaCO, dissolution/precipitation occur. Deviations from the photosynthesis-respiration line are minor in shelf break subsurface water (all seasons) and nearshore
surface water (spring).

aYy
AYpge = AnDIC 14
B9C = npIC 1
Summer : AY; i = LAnDIC (15)
. BGC+air—sea — onDIC

The change in output variables due to water mass mixing altering DIC was then calculated as follows:

AYD[CMIX +e=AY — AYr — AYs — AYpgc — AY1A (16)

and AYpic,,, + € were added to AYr, determine the overall change in output variables caused by water mass
mixing.

AYvix = AYr1a + AYDICMIX + € (17)

In this deconvolution, £ accounts for nonlinear effects on the carbonate system and other unidentified processes.
The cumulative error of nonlinear effects by allowing only one input to vary at a time was less than 0.005 in Q.
and less than 0.01 in pH in each season, meaning ¢ is likely inconsequential.

Final algorithms to calculate output variable anomalies were as follows:
ApH« = ApH7r + ApHs + ApHpge + ApHwix + € (18)
AQu = AQr + AQg + AQpge + AQwmix + € (19)

To assess the significance of drivers, we discuss the driver influence using three definitions: minor influence
(AQx| < 0.05 and |ApHx| < 0.03), moderate influence (AQx| = 0.05 — 0.50 and |ApHx| = 0.03 — 0.15), and
major influence (AQx| > 0.50 and|ApHx | > 0.15). Driver values were non-normally distributed (Shapiro-Wilks
test; visual examination of quantile-quantile plot). Therefore, these bounds were set using percentiles, where
minor influence was below the 50th percentile, moderate influence was between the 50th and 90th percentile, and
major influence was 90th percentile or above.
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Figure 3. Stacked bar graphs indicating the influence of each driver (temperature, salinity, mixing, and biogeochemistry) on changes in pH and €,,, compared to a
seasonal mean (Analysis 1). Data are shown separated by distance from shore (nearshore, midshelf, and shelf break) and individual bars are labeled with depth (NS:
near surface, SS: subsurface, and D: deep).

3. Results

Glider data exhibited seasonal, spatial, and depth variability in biological, physical, and chemical ocean proper-
ties. Likewise, physical and biological drivers of the carbonate system varied spatially and seasonally. Sensitivi-
ties of each response variable to the various drivers and property anomalies from seasonal and annual means are
reported (Tables S1-S3 in Supporting Information S1).

3.1. Analysis 1: Season-Specific Spatial Variability in Drivers

Carbonate system drivers varied in influence between the nearshore, midshelf, and shelf break in each depth
region and season (Figure 3; Table S2 in Supporting Information S1). We describe results from Analysis 1 below.

Winter near-surface water displayed little variation in Q,.,, or pH over the spatial extent of deployment. The
influences of water mass mixing and biogeochemistry on Q,,; and pH were moderate to major but opposite in
sign, canceling each other out. Temperature and salinity had minor influence on surface 4, (—0.02 to 0.02 in all
regions), and minor to moderate (—0.01 to 0.04 in all regions) influence on pH (Figure 3).

Winter subsurface Q,,, and pH varied spatially, with shelf break €, more positive and pH more negative
than the shelf regions. Positive subsurface AQ at the shelf break was driven by major positive mixing influ-
ence (0.78 + 0.03, n = 34). Negative ApH, at the shelf break was driven by major negative biogeochemical
(=0.17 £ 0.03, n = 34), moderate negative temperature (—0.08 + 0.02, n = 34), and minor negative salinity influ-
ences (—0.03 + 0.01, n = 34), which offset major positive ApHwix (0.22 + 0.01, n = 34) (Figure 3).

Spring, summer, and fall near-surface and sub-surface AQ,, were negative in the nearshore and positive at the
shelf break, and the midshelf often acted as a transition zone between the two. This pattern followed the sign of
AQux, indicating that water mass mixing was the most important driver of Q,,, spatial variability (Figure 3).
As such, spring, summer, and fall were influenced by mixing of a low-Q,,, water mass in the nearshore and
high-Q,,, mixing at the shelf break. Finer-scale variability in AQ,, corresponded to changes in biogeochemistry
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or gas exchange (summer only). For instance, a positive BGC/gas exchange influence from 100 to 160 km
offshore in summer caused positive AQ,, deviating from water mass mixing influence.

Spring and fall near-surface and sub-surface pH experienced little spatial variability (Figure 3). In all regions,
water mass mixing was balanced by a combination of opposite biogeochemical, temperature, and/or salinity
influence. Summer surface pH anomalies were also minor or moderate (—0.04 to 0.01), driven by the balance
between biogeochemistry/air-sea gas exchange and water mass mixing (Figure 3). Summer subsurface pH anom-
aly was moderately negative from shore to 100 km offshore, driven by water mass mixing and biogeochemistry.
Further than 100 km from shore, summer ApH;, Was positive, driven by biogeochemistry in the midshelf and
mixing at the shelf break.

A deep-water mass was identified in spring (midshelf and shelf break), summer (nearshore, midshelf, and shelf
break), and fall (shelf break). In spring and summer, shelf break deep water exhibited a positive Q,,, anomaly
compared to other spatial regions due to major positive AQyx (spring: 0.73 + 0.01, n = 18; summer: 1.06 + 0.01,
n = 18; Figure 3). Both seasons exhibited negative AQggc in shelf break deep water and positive AQggc in the
midshelf. Spring and summer deep water showed little evidence of carbonate dissolution or precipitation, mean-
ing biogeochemical influence can be attributed to photosynthesis and respiration (Figure 2). Positive AQggc in
the midshelf indicated the relative importance of deep water photosynthesis and negative AQggc at the shelf break
indicated deep water respiration. Spring and summer deep water pH also experienced major positive influence of
water mass mixing at the shelf break (spring: 0.17 + 0.00, n = 82; summer: 0.26 + 0.00, n = 39).

The deep-water mass identified at the shelf break in fall exhibited a minor negative ApH;, (—0.03 + 0.01, n = 39).
Though fall deep water only occurred in one spatial region, a pH anomaly can appear because anomalies were
calculated using reference values (Equation 6) instead of mean pH values, reflecting the nonlinear nature of ther-
modynamic equations (Rheuban et al., 2019).

3.2. Analysis 2: Seasonal Variability in Drivers

Analysis 2 revealed that carbonate system drivers varied between seasons in the MAB (Table S3 in Supporting
Information S1). Complete results showing the balance of drivers in each spatial and depth region are found in
Figure 4. Here, we highlight seasonal changes in water column features that influence the carbonate system.

Analysis 1 revealed that nearshore near-surface water in every season had negative ,.,, and pH anomalies driven
mainly by low-salinity water mass mixing. Analysis 2 showed that of all seasons, summer nearshore near-surface
water was most influenced by mixing, as it exhibited the most negative AQux (—0.83 + 0.26, n = 28; Table S3 in
Supporting Information S1; Figure 5) and ApHmix (—0.32 + 0.11, n = 28; Table S3 in Supporting Information S1;
Figure 5). Conversely, fall nearshore near-surface water had the most positive AQux (0.61 + 0.02, n = 21; Table
S3 in Supporting Information S1; Figure 5) and ApHwix (0.16 + 0.01, n = 21; Table S3 in Supporting Informa-
tion S1; Figure 5).

Negative AQ, compared to an annual mean is characteristic of the Cold Pool and was evident in the midshelf
region in spring and summer (subsurface and deep). Spring (deep) and summer (subsurface and deep) also exhib-
ited a negative pH anomaly in the midshelf (spring deep: —0.02 + 0.00, n = 80; summer subsurface: —0.09 + 0.06,
n = 120; summer deep: —0.11 + 0.03, n = 120). In summer, these anomalies were driven by negative AQux
(—0.97 to —0.40) and ApHmix (—0.14 to —0.12) while biogeochemical influence caused deviations of AY, from
AYwmix (Figure 6). In spring, the negative Q,.,, anomalies were driven by additive negative mixing and biogeo-
chemistry (Figure 6).

Positive surface ApH;: was evident when averaged across all regions in winter (0.07 + 0.04, n = 187) and nega-
tive surface ApH;, was evident across all regions in summer (—0.05 + 0.02, n = 188) when compared to an annual
mean (Figure 7). On the other hand, surface AQ,, was negative in winter (—0.28 + 0.24, n = 187) and positive
in summer (0.26 + 0.19, n = 188). Drivers influencing these differential patterns are shown in Figure 7. Summer
AQ,, was driven by the balance between major biogeochemical/air-sea gas exchange and mixing influences. In
winter, the negative or near-zero Q,,; anomaly was also driven by BGC and mixing. Positive ApH;, in winter
was driven by moderate to major temperature influence, while negative ApH;, in summer was driven by mixing
and counteracted by BGC/air-sea gas exchange.

WRIGHT-FAIRBANKS AND SABA 9of 19



A7t |

N\ Journal of Geophysical Research: Oceans 10.1029/2022JC018833
Winter Spring Sum Fall
0.6 Nearshore Midshelf Shelf Bregk Nearshorp _Midshelf $heH_Breal§ _Nearshore Nledghel' ) $hel{8reak Nearshore _MIdsheI! ) Shelfﬁreal;
04
NS NS s ss
0.2/ ss | NS - T NS —
ss ss s Ss
E 0 E! Ll iii Dil !&|iﬂiii D‘ AY due to:
-0.2; 1 1 1 ASalinity
-0.4 |
lATemp
i ss DAMlxmg
NS NS o |
0.5 l BGC
| v NS SS Ss
D

-1t

Figure 4. Stacked bar graphs indicating the influence of each driver (temperature, salinity, mixing, and biogeochemistry) on changes in pH and Q,,, compared to an
annual mean (Analysis 2). Data are shown separated by distance from shore (nearshore, midshelf, and shelf break) and individual bars are labeled with depth (NS: near
surface, SS: subsurface, and D: deep).

Nearshore Near Surface Nearshore Subsurface

0:2 —————N e, i 0.2~
0 \ 1 0- _A/‘-—<
x
IE
&l -0.2 - -0.2
<
-0.4 - -0.4
-0.6 - -0.6 -
20 30 40 10 20 30 40
1 . : 1 : '
e ————————————————— >
0.5 1 0.5 -
—
X 0 0- E——
=
4 -05 - 05
- !l
-1.5 . : ; -1.5 - -
10 20 30 40 10 20 30 40

Distance from Shore Point (km)
Winter —Spring —Summer —Fall
Figure 5. Relative influence of water mass mixing on Q,,,, and pH in the nearshore region in four seasons. AYy;x was
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loess smoothing filter, spanning 10% of the data points, was applied for visualization purposes.
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all driver influences. A robust loess smoothing filter, spanning 10% of the data points, was applied for visualization purposes.
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Figure 8. Schematic depiction of the major drivers of €,,, and pH in each season. Major drivers were identified as those which changed AQ,,, >0.50 and pH >0.15
(90th percentile; see Section 4.3.3). Red indicates the approximate surface mixed-layer depth in each season.

4. Discussion

The decomposition of carbonate system drivers identified distinct oceanographic features influencing seasonal
and spatial dynamics of acidification in the MAB (Figure 8). In looking at the two analyses, we are able to track
differences in drivers along a spatial gradient but also cross-reference each spatial zone (cross-shelf and depth)
to its reference condition over the course of a year. Water mass mixing was the primary driver of variability in
Qurag and pH, while biogeochemical activity often had a lesser influence on the response variables. Temperature
and thermodynamic salinity influence were, more often than not, small in magnitude and equal-but-opposite,
meaning the effect of one canceled out the effect of the other. Though changes in salinity indicate water mass
mixing, thermodynamic salinity changes were less impactful than mixing due to the smaller range of salinity
values compared to TA values. Changes in salinity versus changes in pH and Q,,, are presented in Figure S2
in Supporting Information S1. Quantitative deductions of spatial and seasonal variability in complex carbonate
system drivers allow the identification of important ocean properties, processes, and source waters that influence
the location and timing of acidification in this system.

4.1. Water Mass Mixing

Multiple modes of water mass mixing likely played a role in seasonal and spatial variability in the carbonate
system. The nearshore MAB experiences upwelling, downwelling, and cross-shelf flow regimes due to sustained
along-shore southwest winds in the summer, northwest winds in the winter, and southwest, northwest, and north-
east winds in both spring and fall (Gong et al., 2010). The region as a whole experiences alongshore flow from
north to south via the Labrador Coastal Current (Z. Wang et al., 2013). Local mixing between the Labrador
Current and other water masses, like the Gulf Stream, can influence physical and chemical coastal properties.
In the nearshore, tidal action and river runoff have a potential mixing influence year-round. At the shelf break,
water mass mixing may be driven by eddy interactions with the shelf break jet or internal wave action. Submarine
canyons in the MAB experience upwelling of slope water due to wind stress and eddy action, which can lead to the
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formation of dense slope water plumes along the shelf (H. Wang, 2021). Lastly, storms influence water column
mixing seasonally with tropical storms affecting the MAB in summer and extra-tropical cyclones (nor'easters)
more prominent in fall, winter, and early spring. Taken together, these modes of mixing can greatly influence
MAB chemistry. The major water mass interactions observed during this study (freshwater endmember mixing,
slope water mixing, and Cold Pool water mass exchange) are discussed in detail below (Sections 4.1.1-4.1.3).

4.1.1. Freshwater Influence

In the nearshore, all seasons exhibited lower-than-seasonal-average Q,,, driven by water mass mixing, indicating
that a low-alkalinity water mass was influencing the system. This water likely originated from riverine inputs to
the system. Sandy Hook, New Jersey, the shore point in winter, summer, and fall, is located near the intersection
of the Raritan Bay and Lower New York Bay, two major freshwater influences in the coastal MAB (Figure 1).
The spring shore point, Atlantic City, New Jersey, is adjacent to Great Bay and Great Egg Harbor and ~70 km
northeast of the Delaware Bay mouth (Figure 1). Due to the southward-flowing coastal current in this region,
riverine discharge is transported southward alongshore (Chant et al., 2008). Offshore wind stress can cause river
plume bulging and an offshore plume position (Chant & Jurisa, 2013), but in our study, this was all captured in
the nearshore region. Proximity to bays and river plume influence allows mixing of low-alkalinity freshwater
into nearshore coastal near-surface water, decreasing Q,r,, and pH. Freshwater mixing influence was partially
counteracted by nearshore photosynthesis in each season which removed CO, from the water column, in turn
increasing Q¢ and pH. The acidifying effects of freshwater mixing nearshore extended into the subsurface in
spring, summer, and fall.

Coastal ocean mixing with freshwater sources in the nearshore was most influential in the summer. Historically,
rivers draining into the MAB exhibit peak outflow during spring, and coastal waters have the lowest salinity
in summer, when the cumulative influence of seasonal runoff and precipitation are greatest (Manning, 1991;
Whitney, 2010). During the summer glider deployment, multiple large precipitation events caused higher than
average rainfall while the glider was in the nearshore and midshelf (17-22 July 2019; https://weather.gov/marfc/
precipitation_departures/). This increase in rainfall caused salinity to decrease to ~29 PSU, which is lower than
average climatology levels for the 30-m isobath off coastal New Jersey (30-32 PSU; Fleming, 2016). Low salinity
was linked to low TA, Qq,, and pH in surface waters (Wright-Fairbanks et al., 2020). The negative pH and Q,,g
anomalies in summer nearshore surface water demonstrate that high-precipitation events in the MAB can directly
influence coastal buffering capacity for CO,. It is important to note that salinity in these deployments was, on
average, no less than 29 PSU, meaning carbonate sensitivity to salinity was not as extreme as it would be in an
estuarine environment (Cai et al., 2021).

4.1.2. The Shelf Break Front

The Gulf Stream carries warm, high-salinity water from the equatorial region northward along the U.S. East
Coast. Though the Gulf Stream does not interact directly with the MAB coastal shelf, it does influence the slope
sea via the shelf break front, which acts as a heat source for the shelf via eddy heat flux (K. Chen & He, 2010).
The Gulf Stream also periodically delivers heat and salt to the MAB shelf via warm core rings that break off of
meanders north and west of the Gulf Stream deflection point near Cape Hatteras, North Carolina (Andres, 2016).
When warm core rings hit the MAB shelf, salt and heat are transferred onto the shelf at a magnitude 6-9x larger
than long-term average exchange (K. Chen et al., 2014).

The influence of the Gulf Stream was especially important at the shelf-slope boundary in our study, as evidenced
by high Q.. and pH in spring, summer, and fall near-surface and subsurface shelf break zones compared to
the rest of the shelf (Analysis 1; Figure S3 in Supporting Information S1). While mixing of shelf water with
high-Q,,, slope water influenced the shelf break carbonate system relative to other coastal processes in spring,
summer, and fall, that mixing was most impactful in fall (Analysis 2; Figure 9). A Gulf Stream intrusion onto
the shelf was visible in satellite sea surface temperature observations when the glider was at the shelf break
during this time (Figure 10). This intrusion brought water with salinity >35 PSU to the 60 m isobath on the
shelf, exceeding the climatological average of shelf break front intrusion for summer in the MAB (~75 m; Linder
& Gawarkiewicz, 1998). The salinity of this intrusion was higher than average for MAB shelf break waters in
summer (33.5 PSU; Fleming, 2016). The identification of this feature provided a direct link between Gulf Stream
intrusion and delivery of high Q,.,; water to the MAB shelf.
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Figure 9. Relative change in Q,;,, at the shelf break in each season, compared to an annual mean (Analysis 2). Top panels
indicate the total resulting sum of all driver influences and bottom panels show the influence of mixing on Q... Mixing of
the high-Q,,, shelf break jet water had the most influence during fall deployment. A robust loess smoothing filter, spanning
10% of the data points, was applied for visualization purposes.

Changes in carbonate chemistry due to Gulf Stream influence in the northeast United States have been recorded
previously. From 2005 to 2015, a northward shift in the Gulf Stream related to wind variability and moderately
influenced by North Atlantic Oscillation (NAO) caused an increase in sea surface salinity in the Northwest Atlan-
tic (Grodsky et al., 2017). This brought high TA water to the MAB shelf, which counteracted DIC increases and
caused a slowdown in the decades-long decline of Q.4 (Xu et al., 2020). Salisbury and Jonsson (2018) recorded
an extreme warming (0.2°C increase yr~!) and increased salinity (~0.2 PSU yr~!) event in the Gulf of Maine from
2005 to 2014, which was linked to the weakening of AMOC. During that time period, warming and increasing
salinity exhibited a 2.5 times stronger effect on Q,,, than ocean acidification, mitigating the effects of acidifica-
tion despite a 40+ year trend of decreasing pH and Q,,, due to increased pCO, and decreased TA. Based on our
sensitivity analysis and links between the Labrador Current, Gulf Stream, and the MAB, a similar event structure
could occur in the MAB.

Interestingly, shelf water mixing with slope water did not lead to a major positive pH anomaly in any season
because it was counterbalanced by biogeochemical activity and/or temperature. Though mixing of the shelf break
jet caused high Q4 at the edge of the shelf, respiration and temperature had a greater impact on pH compared to
the near shore and midshelf regions. Differences in drivers of pH and ., are discussed further in Section 4.2.

At the shelf break, a deep water mass was identified in spring, summer, and fall. This water mass aligns with a
deep coastal current identified by Wanninkhof et al. (2015), which originates north of the MAB and has high DIC
due to remineralization and a lack of ventilation to the atmosphere. The high pH and Q,,, Gulf Stream influenced
the carbonate system of MAB slope water to depths of ~100 m, and the deep coastal current caused lower pH and
Qurag below 100 m in spring and fall. In summer, shelf break deep water was well-mixed with slope water, so it
did not exhibit the same characteristic low pH and Q,, as in spring and fall.

4.1.3. Cold Pool Carbonate Chemistry Drivers

The MAB Cold Pool forms due to the onset of stratification in the spring and persists throughout summer
(Castelao et al., 2008; Houghton et al., 1982; Z. Chen et al., 2018). Midshelf subsurface and deep water in the
spring and summer exhibited lower than average Q,,, and pH compared to the annual and seasonal means. These
anomalies align with a general understanding of Cold Pool persistence, which indicates that strong seasonal
stratification causes reduced ventilation of the Cold Pool to the atmosphere, therefore accumulating CO, from
respiration, which decreases pH and Q... A complementary mechanism of Cold Pool persistence is the intrusion
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Figure 10. Mid-Atlantic Sea surface temperature observations on 24 October 2019 (fall glider deployment). Glider data showed an intrusion of Gulf Stream-influenced
water onto the shelf, which was linked to high Q,.,, and pH. Glider location on 24 October is marked with a star. Map credit: Rutgers Coastal Ocean Observation Lab
(https://marine.rutgers.edu/cool/sat_data/).

of water from north of the MAB, primarily the Georges Bank and the Gulf of Maine regions (originating from as
far north as the Labrador Sea) (Brown et al., 2019; Castelao et al., 2008; Z. Chen et al., 2018). This source water
has low Qs compared with the MAB and therefore could be mixing into MAB shelf water and contributing to
low Qs and pH in Cold Pool subsurface water during summer.

Our analysis showed that water mass mixing drove low Q,,; and pH in Cold Pool water relative to calculated
annual and seasonal means. The importance of mixing is supported by both mechanisms of Cold Pool persis-
tence, as it could indicate a lack of mixing between Cold Pool bottom water and the warmer surface layer or
consistent along-isobath advection of more acidic northern water into the Cold Pool area. Further analysis of
vertical mixing would provide insight into the interplay between stratification strength and horizontal water mass
mixing as drivers of Cold Pool carbonate chemistry dynamics.

4.2. Decoupling of Q,.,, and pH Drivers

In the MAB, surface water Q,,, and pH are driven by a combination of thermodynamics, air-sea gas exchange,
and biological activity (Cai et al., 2020). In an open system, pH and €,,, experience two temperature-dependent
responses, namely gas exchange and internal shifts in thermodynamic equilibrium due to changes in dissociation
constants, K1 and K2. These two temperature-dependent responses counteract with each other in terms of their
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effect on pH but enhance one another in terms of their effect on [CO%‘], and as such, Q. (Cai et al., 2020; Qi
et al., 2020). In a closed system with no air-sea gas exchange, the opposite occurs, whereby pH is largely driven
by temperature (cooling = higher pH), and Q,,, is minimally affected by temperature. Though Cai et al. (2020)
applied this concept to a spatial analysis of the carbonate system along a latitude gradient, the underlying princi-
ples can be applied to our seasonal data set.

The seasonal deployments showed little effect of gas exchange in winter, spring, and fall (Section 2.3), meaning
they represent a closed system, while summer surface water is governed by the principles of an open system.
Surface water had higher than average ., in summer and lower than average Q. in winter, but lower pH in
summer and higher pH in winter. This decoupling is expected in a closed system where pH is driven by seasonal
temperature swings and Q,,, is driven by faster, local processes such as photosynthesis, respiration, and local
mixing events. Our driver analyses supported this, showing that surface €, in summer and winter was mainly
driven by local mixing and biogeochemical activity, and winter surface pH was driven by temperature (Figure 7).
However, in a deviation from the closed system ideal, summer surface pH was mainly driven by BGC and mixing.

The BGC influence on pH in summer likely reflects air-sea gas exchange that was identified as a contributing
driver in summer surface water (Section 2.3). pH is more sensitive to changes in DIC caused by air-sea gas
exchange than Q,,, (Cai et al., 2021), which might explain why the influence of gas exchange was only reflected
in pH. Additionally, the importance of mixing might reflect an overwhelming freshwater influence in surface
water during the summer deployment (Section 4.1).

Because the glider data set covers only one deployment in each season, it is not possible to account for interannual
differences in the importance of temperature here. Continued high-resolution monitoring of seasonal changes
in the carbonate system will allow for analysis of interannual change and development of a regional carbonate
system climatology for the MAB that will better identify long-term trends.

4.3. Comparison of Results to Past Studies

The results from our sensitivity analysis align well with previous studies of carbonate system drivers focused
in localized regions within the NES or single season and single depth studies in the MAB. Xu et al. (2017)
investigated short-term changes in surface carbonate chemistry along the U.S. East Coast using data from the
summer ECOA-1 cruise in 2015. Similar to the results presented here, they found that Q,,, increased from shore
to shelf, driven mainly by physical mixing of slope water, though biological activity could alter this pattern on
a shorter time scale. Xu et al. (2020) investigated long-term change in surface Qs along the U.S. East Coast
and concluded that TA and DIC are the dominant controls of €2,,, on an interannual and decadal scale. Rheuban
et al. (2019) conducted a monthly discrete sampling program in Buzzard's Bay, off the coast of Massachusetts, to
investigate the influence of fresh water and nutrient inputs on surface carbonate chemistry. Akin to our study and
Xu et al. (2017), they concluded that freshwater input is a strong local driver of carbonate chemistry in the inner
shelf. Rheuban et al. (2019) also observed an important biogeochemical influence, which was linked to eutrophi-
cation based on total nitrogen measurements. Similarly, Wang et al. (2016) sampled six stations in Wilkinson Bay
(Gulf of Maine) at 10-50 m depth resolution and found that Q,,; was most strongly driven by seasonal cycles of
photosynthesis and respiration, though mixing of low salinity water did impact 2, in the nearshore. Common
observations in past studies and the present study emphasize the importance of local processes of daily, seasonal,
interannual, and decadal timescales on controlling the coastal carbonate system.

Glider data allowed the identification of important local controls on the carbonate system in higher spatial reso-
lution than previous studies. Drivers were resolved at <1 m in depth and <1 km in distance over four seasons.
This allowed the clear differentiation of carbonate parameters and their driving forces in surface and subsurface
waters across the entire coastal shelf. The seasonal extent of acidified subsurface water in the MAB is necessary
to understand in high resolution due to its importance to economically important fin- and shellfisheries.

In addition to providing high-resolution data, gliders have the unique ability to observe in areas that are difficult
to access in discrete sampling programs, such as the continental shelf break. Cross-shelf glider deployments
revealed the changing seasonal extent of Gulf Stream-influenced slope water intrusions onto the shelf, which
mitigated acidified conditions based on its presence. Continued tracking of Gulf Stream intrusions, and colocat-
ing the physical and chemical variables with biological observations in future efforts, will allow a better under-
standing of ecological impacts of acidification for organisms inhabiting the shelf break.
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Furthermore, glider missions provide continuous data streams that can show how short-term changes in environ-
mental conditions change the system. For example, heavy rainfall during the summer deployment was linked to
short-term decreases in surface pH in summer (Section 4.1.1), which may not have been captured with discrete
sampling. While past studies have identified depth- and distance-related carbonate system changes, they have not
been able to clarify the extent of driving forces at the fine scale allowed by glider technology.

5. Conclusions

This study decomposed the drivers of the carbonate system in the MAB in high resolution, spatially and tempo-
rally. High-resolution data were used to identify areas of the shelf and times of year that are most susceptible to
acidification in the MAB. Sensitivity of Q,,, and pH to water mass mixing, biogeochemical activity, temperature,
and salinity varied over a spatial dimension in each season as well as between seasons compared to an annual
mean. Water mass mixing and biogeochemical changes were consistently major drivers of change in the carbonate
system, while seasonal temperature changes caused further deviation. Given these major drivers, future studies
should focus on projected changes in freshwater runoff/precipitation in the nearshore and high salinity intrusions
at the shelf break potentially linked to long-term changes in NAO and Atlantic Meridional Overturning Circu-
lation. These processes may cause opposing acidification regimes in the nearshore and at the shelf break, with
implications for the ecology of the region.

The sensitivity values derived here define how ocean properties determine the carbonate system, which can be
used to improve coastal biogeochemical forecast models. These deployments cover one instance of each season,
serving as a base understanding of seasonal carbonate system changes in the MAB. Continued seasonal moni-
toring will allow the derivation of a carbonate system climatology for the region and further investigation of
interannual variability in dynamic carbonate system drivers like high salinity intrusions. Continued monitoring
may also capture dynamic events not seen in the deployments analyzed here, like upwelling of cold and 1ow-Q.,
water due to seasonal wind shifts. This information will be valuable in fine-tuning habitat suitability studies and
designing environmentally relevant laboratory experiments investigating the impact of acidification on commer-
cially important species susceptible to acidification.

Data Availability Statement
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